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EXPILORATORY TESTS OF TRANSPIRATION COOLING ON A POROUS

8° CONE AT M = 2.05 USING NITROGEN GAS, HELIUM
GAS, AND WATER AS THE COOLANTS

By Ieo T. Chauvin and Howard S. Carter
SUMMARY

The effectiveness of transpiration cooling on en 8° total-angle
conical body having a porous skin is presented for various coolant mass
flow rates of nitrogen gas, helium gas, and distilled water. The tests
were made under steady flow conditions in a free jet at a Mach number

of 2.05, and at a Reynolds number of 8.0 X lO6 based on spproximately
sea~level conditions and on the length of porous section investigated.
Good sgreement for the nitrogen tests was obtained with a theory for
transpiration cooling. Helium gas gave the seme reduction in heat trans-
fer for less flow rate then the nitrogen gas. Tests with distilled water
gave a large reduction in the aversge skin temperature. In the trans-
piration tests of this report, the model was completely cooled for =
rate of 3.57 Ib/min—ftQ; whereas for the film-cooling tests cooling the

seme model required 3.78 1b/min-ft2.

A reference test without cooling was made to determine recovery
factors which are in agreement with theoretical values.

INTRODUCTION

A

The eerodynemic heating of bodies at supersonic flight speeds has
been investigated experimentally by meny investigators, for example, in
references 1 and 2. It can be seen from reference 2 that, for a transient
trajectory where the Mach number varied from 0.55 to 5.18, the meximum
measured skin temperature was 1,200° F. This temperature approaches the
temperature limitations of structurel meterials commonly used in the
manufacturing of missiles. Higher Mach numbers at higher Reynolds numbers
for thin-skin missiles may be limited by the structural material used. ’
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A possible method of reducing the heat transfer from the boundary layer
to the missile surface is that of forcing a coolant through a porous
wall, thereby diminishing the serodynamic heat transfer to the surface.
Accordingly, the Langley Pilotless Aircraft Research Division has con-
ducted exploratory tests to determine the value of tramspiration cooling
as a means of reducing the zerodynamic heating.

Theoretical investigations of the effect of tramspiration cooling
have been reported in references 3 and L4, and some experimental tests
have been reported in reference 5, in which the experimental data,
although subsonic, agreed with the theory of reference 5. The present
tests were conducted at-a Mach mumber of 2.05 and approximately sea-level
conditions. The experiments were made on an 8° total-sngle porous cone
where nitrogen gas, helium ges, end distilled water were each used for
the coolant.

SYMBOLS
M Mach number
v velocity, ft/sec
h serodynemic heat-transfer coefficient, Btu/(sec)(sq £t)(°F)
p density, slug/cu £t
B absolute viscosity of &ir, slugs/ft-sec
k thermal conductivity, Btu/(sec)(sq £t)(°F/ft)
cp specific heat at constant pressure, Btu/(slug)(°F)
T temperature, °R
Cxy Stanton number, h/chV
R, Reynolds mumber, pVi/p
T length, Tt
Ce skin-friction coefficient
Pr Prandtl mumber, cpu/k
W coolant flow rate, slug/(sec)(sq ft)
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L latent heat of vaporization, Btu/slug
A surface area, sq ft

Subscripts:

© local conditions outside boundery lsyer
aw adiabatic wall

8 isentropic stagnation

W -conditions pertaining to wall

c -coolant

TEST APPARATUS AND MODEL

Preflight Jet

This investigetion was made in the preflight-jet test apparatus
located at the Langley Pilotless Aircraft Research Station, Wallops
Islend, Va. This test facility is described in reference 6. The air
supply was sufficient to enable continuous testing for approximately
50 seconds at the desired test conditions. A shadowgraph system was
provided for flow observation.

Model

The conical model used for these tests is shown in figure 1
installed in the test position in the 8-inch-diameter jet. Details
of the-construction of the model are shown in figure 2. The total
apex sngle of the model was 8°. The porous section through which the
coolant passed was welded to a solid tip of stainless steel at the
3.6-inch station and to a brass ring at the 12.0-inch station. The
porous section was formed by rolling sintered powdered stainless-steel
sheet 0.0323 inch thick into the form of a frustrum of a cone and
Joining by means of a welded butt joint. The longitudinal welded
butt joint produced a nonporous strip approximstely 1/8 inch in width.
The surface area of the porous section of the cone was 0.1865 square foot.

The complete specifications for the porous material are given in
reference 7. Those specifications pertinent to these tests are glven
as follows: (l) The nominal flow capacity was to be 4O cubic feet of
air per minute per square foot with a pressure drop of 2 pounds per
square inch, (2) the openingsﬁgs;e to be such as to restrict the passage
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of particles whose largest diameter exceeded 5 microms, (3) the apparent
density was not to exceed 0.235 pound per cubic inch, and (&) the porous
material was to be clean and free from foreign materials or extermal
defects detrimentel to fabrication or performence of parts.

The actual measured surface roughness was 80 microinches root mean
square which was obtalned by a profilometer having a probe of 0.0005~inch
diameter.

Cooling System

The coolent was piped to the porous section and the mass rate of
flow was measured by means of the system shown in figure 5. For the
tests in which distilled water was used as a coolant, the water was
forced from the storage tank by nitrogen gas =spplied through a pressure
regulator. The water passed through a filter, a metering orifice, and
then to the porous section by a plpe inside the model. The pressure
drop across the porous surface was sufficient to insure that the cone
was completely filled with water for all the heat-transfer tests reported.
The mass rate of flow of the water was contimously measured during the
test by recording the pressure drop across the calibrated metering ori-
fice. The pressure drop across the metering orifice was made large com~
pared to any conceiveble fluctuetion in coolent pressure downstream of
the orifice to Insure constant mass flow rate. The water temperature
in the model wes obteined by applying a calibrated correction to the
temperature which was recorded by a thermocouple installed in the supply
line. The supply of cooling water was permitted to attain epproximately
ambient temperature before use to insure minimm variation of water
temperature during the tests.

For the tests in which nitrogen and helium were used, the water
tank and filter were disconnected from the system and the coolant gas
was piped directly to the cone from several tanks of nitrogen or heliunm,
which were manifolded together to insure constant supply for each test.
The mass rate of flow was measured by a thick flat-plate sharp-edge
orifice as described in reference 8. The gas temperature was measured
by a thermocouple installed in the supply line and was recorded continu-
ously during each test. To obtain the gas temperature in the model,
this supply-line gas temperature was corrected with a celibration factor
obtained from other tests.

Temperature Measurements
In order to provide measurements of the skin temperature of the

model, a total of 12 iron-constantan thermocouples made of No. 30 gage
wire were attached to the porous skin. The thermocouples were arranged
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so that eny thermocouple was at least 90° from the longitudinal seam.
The location of the thermocouples is shown in figure 2. The thermocouple

stations were spaced approximately }% inch apart, the first being

.56 inches and the last 10.81 inches from the apex. Three thermocouples
were installed 90° apart at stations 5.8L, 8.31, and 10.81. All thermo-
couples were installed by fusing the Junction to the inner surface of

the porous skin. Temperature gradients through the skin were assumed to
be negligible. The effect of coolant on thermocouple readings was also
assumed to be negligible because of the small cross-sectional area of the
thermocouple wires in comperison with the porous-surface asrea. The ther-
mocouple leads were taken out through the base of the model and down the
rear of the model support strut as shown in figure 1. In order to pre-
vent any leakage of the coolant through the reer of the model, the ther-
mocouple leads were sealed into a metal sleeve. Pressure seals were pro-
vided on the outer surface of the sleeve to seal the coolant. A common
cold junction was provided for all thermocouples. Continuous time his-
tories of the thermocouple potentials were automatically recorded during
the tests on multiple-channel recording galvanometers. All automatically
recorded messurements were time synchronized by a 10-cycle-~per-second
electrical timing system.

TESTS

All tests were performed with the model mounted in the Jjet at zero
angle of attack and yaw and with the nose tip approximately 3 inches
inside the nozzle as shown in figure 1. The tests were made in a free
Jet at M = 2.05 and at approximately sea-level conditions.

The tests were performed by setting the mass rate of flow of the
coolant and then starting the supersonic jet. Approximately 5 to 8 sec-
onds were required for the Jet to esteblish steady flow from the nozzle
et M= 2.05. Steady flow was malntained until several seconds after
the measurements of skin temperature indicated that the model had attained
essentially equilibrium temperature. The Yyariation of temperature of
approximately 1© per second which occurred at the ends of the tests were
negligible in comparison with the temperatures measured. Data are pre-~
sented for four tests using nitrogen gas as the coolant, three tests
using helium gas as the coolant, and four tests using distilled water as
the coolant. All tests were made for various rates of cooleant mass flow.

To provide a basis for evaluating the effectiveness of transpiration

cooling, a test was performed without coolant. This test provided
measurements of recovery factor.

R ——
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RESULTS AND DISCUSSION .

Reference Test Without Coolant

The boundary-lsyer recovery factor is defined as

Tayw =~ Too
T (1)

The effects of radiastion and the effects of heat conduction along the
skin on the heat transfer were calculated and found to be negligible
compared to the heat transferred to the skin from the boundary layer.

The air in the storasge spheres and the supply of heat in the heat
exchanger of the preflight-jet test apparatus limited the duration of
tests under steady flow conditions to sbout 50 seconds so that equilibrium
conditions could be approached closely but not exactly attained. The
measured ratio of skin temperature to stagnation temperature for each
thermocouple was plotted against the reciprocal of time and the nearly
linear curve so obtained wds extrapolated to infinite time. The recovery
factors were computed for the values of temperature at infinite time so
obtained. The recovery factors are shown in figure 4 plotted against

the distance from the apex of the cone. For comparison is shown the
theoretical recovery factor for a turbulent boundary lsyer which is equal

to Prwl/ 5 , based on the wall temperature. The close agreement: of the

recovery factors with the theoretical value Indicates that the boundary
layer was turbulent.

Boundary-layer transition on the cone was assumed to occur 3.5 inches

from the nose tip (R = 4 X 100) because, at this station, roughness due
to the welding of the porous cone to the solid tip was approximately

0.0L inch high and the shadowgraph indicated a shock wave emsmnating from
this region. Figure 5 is a shadowgraph taken during a nitrogen cooling
test which shows the shock waves emanating from the 3.5-inch and 12-inch
stations due to welds, from two intermediate stations due to shock reflec-
tions, and from the base of the faired support. The test Reynolds number
based on the length from the 3.5-inch station to the last measurement
station, and on conditions outside the boundary layer was approximately

8 x 100 for all the tests.
Tests With Coolants

The physical concept of tramspiration cooling with gases ig dis-
cussed in reference 9 and is briefly restated in the following paragraphs.

ST
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For transpiration cooling with gases, the cooling film on the out-
side surface 1s continuously renewed and there is a continuous movement
of the gas away from the surface, because new coolsnt is continuously
forced through the pores end then leaves the surface., A counterflow is
thus created between the heat flowing from the hot boundery layer toward
the surface and the ges flowing awsy from the surface. The gas continu-
ously carries heat awsy from the surface by convection and in this way
decreases the overall heat tramsfer to the surface.

For steady-state conditions, the rate at which heat is absorbed by
the cooling gas through an element dA of the surfece is, for conditions
where radiation normasl to the surface and conduction along the surface
are negligible,

Wep(Ty ~ Telda (2)

wvhere T, 1s the final temperature of the coolant and éqpal to the wall

temperature. The rate at which heat is conducted from the boundary lsyer
through the coolamnt film to the surface is deflned with a heat-transfer
coefficient by the expression

h(Taw - Ty)dA (3)

In the above expression T4, was obtained from the test without coolant.

For the tests with nitrogen amd helium, Tg; wWas corrected for the effect
of transpiration rate on the recovery factor as shown in reference k4.

Equating the heat sbsorbed by the coolant (expression (2)) to the
heat from the boundary leyer (expression (3)) and solving for the aero-
dynamlc heat-transfer coefficient gives

_ Wep(Ty - Tc)

h — (%)

The sbove expression for the heat transfer is only true if radiation
normal to the surface and conduction of heat along the surface are negli-
glble. These effects were calculated snd found to be of the order of
0.2 percent of the serodynamic heat trensferred; this velue was considered
to be negligible for these tests.

For the case where a coolant such as water has a chenge of state,
a large reduction of heat transfer would be obtalned by the heat of
vaporization if boliling took place within the porous skin. Equation (4)
would then be )

- Tc) + FL
h = wcP(T;aw _C%: (5)

L e A Y ,i |
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where F 1s the fraection of water evaporated. However, since the amount
of vaporization in these tests was not known, the reduction of heat-
transfer data was accomplished by use of equation (4) which neglects the
heat of vaporization. The heat-transfer coefficients so obtained thus
represent a minimm and are valid only 1f vaporizetion did not exist.

In table I, the measured skin temperatures and other date pertinent
to the tests are presented. It 1s seen that axial-temperature differences
existed and that 2 considersble difference in the skin temperature also
occurred around the circumference at some stations. These differences
could have been caused by the nominiform porosity of the porous material.
After the investigation of transpiration cooling was concluded, the test
with no coolant was made in which the model reached approximately equi-
librium temperature end in which the thermocouples indicated @bout the
same skin temperature to within 10° F.- This agreement verified that .
the thermocouples were measuring the correct skin temperature during
transpiration-cooled tests and thet the difference in skin temperature for
the transpiration-cooled tests was due to nonuniform porosity of the skin.
Because of this variation of skin temperature, 1t was felt that presenting
the average heat~transfer data for verious coolent flow rates would show
the oversll effectiveness of tramspiration cooling. In figure 6, the
average heat-transfer deta are presented for the tests in which nitrogen,
helium, and distilled water were each used as the coolant. The average
heat-transfer coefficients are presented as the ratio of Stanton num-
ber CH to the theoretical CHW -0 for no coolant flow on a cone for

a turbulent boundery leyer. This ratio is plotted as = function of the
coolant flow rate divided by the local (outside boundery leyer) stream
mass flow rate. The theoretical value of ChHy=p for no coolant flow

on a cone was obtained from reference 10 and modified according to refer-
ence 11 which states that Cpmyg = 1.24Ce/2. The local velues of heat-

transfer coefficients so obtained then were integrated over the length
of the porous section of the cone and en average value of CHW—‘-O was

calculated. The average heat-tramnsfer coefficients as presented in fig-
ure 6 msy have been more velid if empirical results could have been used
as & basis for comparison with the theory In reference 3. . However, it
is felt that the theoretical beslis which was used 1s sufficient in these
exploratory tests to show any major deviations from the theory and is
also adequate as a basis on which to compare the relative effectiveness
of the three coolants used.

For the transpiration tests, the skin~temperature measurements shown
in teble I were faired by considering both the radial and the exial vari-~
ations in tempersature, and the local values of the heat-transfer coefficient
were then calculated from equation (4). An average value of the heat-
transfer coefficient was obtained by integrating the locel values over
the length of the porous cone, from which an average value of Cyg was
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then calculated. In figure 6, the results obtained from this investi-
gation are shown for various flow rates of nitrogen, helium, and dis-
tilled water. The date for the test with nitrogen at a Ty /Tw = 1.5

and R, ~ 8 X 106 based on the length from the start of porous section

to the last messurement station are in good agreement with the theory
from reference 5. This theory was developed for transpiration cooling
with air, and comparison with the nitrogen tests only is valid because
nitrogen and air have gbout the same thermodynamic properties. The data
show a reduction in the heat-transfer coefficient of approximately 37 per-

cent for a flow-rate ratio of 13.6 X ID‘L for nitrogen, whereas helium
gave approximately the same reduction in heat-transfer coefficient for
gbout one-third the flow rate. This difference in heet-transfer coef-
ficient was expected since the specific heat of helium is about five
times the specific heat of nitrogen. The thermodynamic properties for
the coolants were obtained from reference 12.

As shown in the lower part of figure 6, a large reduction in heat
transfer was obtalned by using water for the coolant. The heat balance
was made for the heat absorbed by the coolant in rising from the initial
temperature to wall temperature, disregarding any heat ebsorbed from
vaporization. For all these tests, it was observed that a water film
existed on the outer surface of the model. The heat transfer is shown
for verious water flow rates that cooled the model to ebout 140° F for
the lowest rate and 125° F for the highest rate.

In figure 7, the average skin'tem@erature from the test results is
T, - T
shown in the term ﬁi;r—_ﬁ%- end is plotted as a function of the mass-
- lc
flow ratio. This flgure provides a simple wgy of predicting the skin
temperature for e transpiration~-cooled cone at M = 2.05 and

R =8.0X% 106 for the various coolants shown.

Figure 8 shows the temperature time history for a water-cooling
test having a lower rate of coolant flow (0.0074 Ib/sec) than those pre-
sented in figure 7. The figure shows that most of the thermocouples
were cooler than the boiling point of water (2120 F). However, thermo-
couples T, 9, 11, and 12 at some time during the test indicated skin
temperatures of 4000 to 5000 F. This rise of temperature on these four
thermocouples can be accounted for by the orientation of the cone. The
black dots on the cone as seen in figure 1 show the line of thermo-
couples 1, 3, 5, T, 9, and 11 to be rotated clockwise approximately 30°
from top center facing upstream. It can be seen that for this low rate
of flow, the water did not completely f£ill the cone and that a water
line could have existed Just below thermocouples T, 9, 11, and 12,

The area below the water line which existed in the cone for this
test was estimated to be 0.15 square foot, which was approximately

N
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TO percent of the total area of the porous section of the cone. The
actual flow rate per unit ares below the water line was unknown because
some weater was being evaporated from the water surface in the cone.
Because of this uncertalnty in the rate of flow, no heat transfer was
presented for this test.

By comparling these results of transplration cooling with water with
that of the film-cooling tests of reference 6, it can be seen that, in
order to completely cool the seme model by transpiration cooling, a rate

of 3.57 ].‘b/min-f’c2 of coolant was required for Tg, - T, = 436° F, whereas
for f£ilm cooling, the method of reference 6, for T, - T, =380°F, a

rate of 3.78 Ib/min-ftZ wes necessary. A rate of 2.75 Ib/min-ft° is
quoted in reference 6 for a case where cooling was achieved for only

5 inches aft of the point of injection. It is felt that if the porosity
of the materlal used in the transpiration-cooling tests reported herein
was reduced so that the cone would be completely filled with water, a
still lower rate of flow would give spproximately the seme cooling.

CONCIUDING REMARKS

The exploratory tests of tremspliration cooling on a porous cone at
a Mach number of sbout 2 and approximately sea-level conditions show the
effectiveness of nitrogen, helium, and water used as coolents.

The average heat-transfer coefficients for the tests using nitrogen
gas for the coolant were in good agreement with the predictions from
theory. A reduction of 37 percent wes obtained for e given nitrogen-ges
flow rate; whereas, for cooling with helium ges, which has e much higher
specific heat, the same reduction was obtained with ebout one-third the
mass flow rate. Transpiration-cooling tests with water gave a large .

reduction in average wall tempersture for a flow rate of 3.57 lb/min-ft .

In the transpiration tests the cone was completely cooled for a

rate of 3.57 l.b/min-ftz, whereas complete cooling of the same nose for

£11m cooling required 3.78 1b/min-£t°.

It is felt that approximaetely the same reduction in heat tremsfer .,

could be obtained for a lower water rate by decreasing the porosity of
the porous wall to keep the cone filled with water.

R ... o
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Boundary-layer recovery factors measured for 'a test in which no
coolant wes used are in agreement with the theoretical value for a tur-
bulent boundary layer.

Langley Aeronautical Lsaborstory,
National Advisory Committee for Aeroneautics,
Lengley Field, Va., March 16, 1955.
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TABLE I
PABULATICH CF BASTO DATA

Coolant Mr jot Bkin tsmperstures at thermocouples, ©F
1 21 3|4 5 6 |1 |8 9 10| 11| 12
Flow rats,
Trpe 1b ‘J}el'_?;., [: NP - TP - dm
secft® | o |Btetion|  Btation  |Btation| Btation  |Btetlon|  Ststien
3.66 L.56 T.06 8.31 9.56 10,81
Witrogen | 0.C41D 13 | ?15.6| ¥.1{111.9( 563 | 365 | 380|428 1398 | 430 | h7h (483 Lch 139 | k58
M trogen . 103 | 235.7| .1 |116.7|BhL | 286 | 32236k | 517 | 358 [L16 |LLy 337 | 250 | 33L |397 369
Hitrogen 1267 8 | z6.0l112.8 136,281 =n1 | 261l3wless | 313 | 380 {377 (213 | 283 | 288 (311|335
Nitrogen «2P00 55 | 219.5 | 190.2 |11k.3| 369 | eoh | 21k [ 266|232 | 269 |3kl 330 ﬁ 220 |6 | 290
Haslium .0236 102 k.7 59.5 | 1k.1| 59 o8 | e78 (317|308 | 318 |Lkos |43 LoB |370] 398
Halium JO0l29 100 %.5 11.2 ﬁ}h.a w2 | 225 ahg gr gg; gr %g Zglf 21? ﬂ ;og 25221
Heliun L0751 109 .7 | 192.5 .5 177 | 19 T 17
Woter LOm95 92 99.& 17,1 | 11k.0 %’3 1hs | 153 122 139 | 131 |13 {200 [15k | 136 | 136 {139 136
Wabar 0670 S0 16%.9 1 17.7 115.0 621 131 | 1281128 | 135 128 153 | 202 |1h7 138 135 (158 | 3%
Water .0823 93 | B3.9| 1o LS| 60| 125 | 122185115 1 123 138 |18h 1133 L3 125 123198

& Ap iapmamdmpacroumammingoﬁfioemummdinponﬂsparsquﬁmmch.
b p 18 pressure downstreem of meesuring orifice memsured in pounds per squars inch sbsoluta,
¢ H, 1is totel pressure memsured in pounds per squars inch sbsolute.

4 T, is stagnation temperatures measured in degrees Fahrenhelt.
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Figure 1.- Porous cone mounted in the free jet.
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Flgure 5.~ Schematic drawing of coolant injection system.

b2 ¢

62066T W YOWN

§ _

LT



Taew = Too
TS-Taa

Regcovery factor,

.92

.88

_ © ) e
T e T T T T T T
Lprwlﬁ
2 N 6 8 10 12

Distance from nose tip, inches

Figure 4.- Recovery factors for test with no coolant Flow.
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Figure 5.- Shadowgraph made during a nitrogen-cooling test.
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Figure 6.- Variation of average heat-transfer coefficient with mass-flow
ratio.
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Figure T.- Variation of average wall-temperature parameter with mass-flow
ratio.
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